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ANAIXTICAL STUDY OF SPIN 

M.Scherer and M.O.Aguesse’) 

ABSTRACT. 
by t h e  Fluid Mechanics I n s t i t u t e  of Ulle and t h e  ONERA, i s  
discussed. 
l y t i c a l  wind tunnel  measurements of t h e  constant and variable 
derivatives,  performed on the same model and used as basis i n  
the  calculat ion of a i r c r a f t  motion, prograrraned on a d i g i t a l  
computer. The object of these first calculat ions was  t o  con- 
form the  free-spin results obtained i n  t h e  v e r t i c a l  Wind tun- 
ne l  at  EUe on a delta-60 a i r c r a f t  model. 
ta ined are analyzed and discussed. 

A method of spin calculation, invest igated j o i n t l y  

The aerodynamic parameters were obtained from ana- 

The r e s u l t s  ob- 

1. Introduction /2 
The purpose of this paper i s  t o  present results obtained i n  t h e  f irst  

phase of an ana ly t i ca l  study of spin, performed by t h e  ONF,RA i n  col laborat ion 
with t h e  Fluid Mechanics I n s t i t u t e  of E l l e  a t  t h e  request of t h e  Technical 
Aeronautics Services. 

The reasons f o r  undertaking this study were discussed i n  a previous Col- 
loquium of the  AFITAE? two years ago (Ref -1) and w i l l  not be repeated here. 

However, we should mention that ana ly t i ca l  sp in  s tudies  form p a r t  of t h e  
computation techniques current ly  i n  use by designers i n  the  USA. 
shown by H.J.Wykes i n  a paper presented at  a recent AGARD Meeting, which con- 
ta ined a comparison between calculat ions and f ree- f l igh t  sp in  tests f o r  t he  
F-100 a i r c r a f t  (Ref .2) . 

T h i s  was 

The topic  of our first study was t o  ca lcu la te  t h e  spin of a small d e l t a  
a i r c r a f t  model which, toward this end, was t e s t ed  i n  f r ee  f l i g h t  i n  the  v e r t i c a l  
wind tunnel  of t h e  IMFI?’. 

T h i s  manner of proceeding, by eliminating the  uncertaint ies  with respect 
t o  t h e  scale e f f ec t  and t h e  i n e r t i a  constants, permits a correct  qua l i f ica t ion  
of t h e  computationalmethod. 

ONERA (National Aerospace Research and Development Administration) Chatillon, 
France . 
4:- French Association of Aeronautics and Space Engineers and Technicians. 

335 I n s t i t u t e  of Fluid Mechanics, E l l e .  

p ,, \‘ 
‘--\ Numbers i n  the  margin ind ica te  pagination i n  the foreign text. 
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The aerodynamic da ta  are those obtained i n  conventional s ta t ionary  and non- 
s ta t ionary  tests with forced osc i l la t ions  and i n  tests with forced ro ta t ion .  

These ana ly t i ca l  tests were performed i n  a horizontal  wind tunnel  on t h e  
model t e s t ed  i n  t h e  free-spinning wind tunnel, with t h e  f l o w  ve loc i t i e s  being 
similar i n  both cases. 

The calculat ion was carr ied out a t  t h e  Automatic Computer Center of t h e  
ONEFtA using a d i g i t a l  computer and a general program of f l i g h t  mechanics, accord- 
ing t o  an equation established by Bismut and Walden. 

Two configurations were studied, one f o r  en t ry  i n t o  a s t ab i l i zed  sp in  and 
t h e  o ther  f o r  recovery f r o m t h e  spin. 

2. Notations 

The notations 

The reference 
Fig .y-. 

% e c i a l  Notations 

CY, = 
CY1 = 
No = 

Lo = 

m, = 
ro = 

r; = 

- 
c n o  - 

- Ct,  - 

6, = 

used conform t o  the  French Standard AFNOR X 02-105. 

t r ihedrons are shown i n  Fig.2 and t h e  general  notations i n  

def lec t ion  angle of t h e  r igh t  elevon, 
def lec t ion  angle of t h e  l e f t  elevon, 
component of t h e  aerodynamic moment about t h e  axis of rota- 
t i o n  G, 
compone%t of t h e  aerodynamic mment about GXO perpendicular 
t o  Gz0 and such tha t  GZo comes t o  l i e  i n  the  plane of s p  
metry of t h e  a i r c r a f t  whencp, i s  zero, 
angle of r o l l  ( ~ i g . 2 a ) ,  
angular veloci ty  about GZo, 

reduced angular velocity 0 (+) 

dimensionless coefficients:  

( p a r a l l e l  t o  t h e  d i r ec t ion  of flow); Fig.5, 

r t  
V 

l\l 0 

p/2 v st 

LO 

p/2 v st 
relative course: angle of t h e  horizontal  project ion of GX1 
made with t h e  radius of spin. 

L2 

(36) Note: The a s t e r i sk  denotes t h e  reduced angular ve loc i t ies .  

$6 f igures  not contained i n  or ig ina l .  
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3.  Model 

The model, i n  a s ty l ized  manner, represents a d e l t a  a i r c r a f t  of 60' sweep- 
back without horizontal  t a i l  uni t ,  and is  equipped with elevons extending over 
t h e  e n t i r e  span. 

The basic  geometric and mass charac te r i s t ics  are given i n  Fig.4. 

4. Testincr: F a c i l i t i e s  

The free-f l ight  spin tests were made i n  t h e  v e r t i c a l  wind tunnel  of t h e  
IMFL . 

of these tests, developed by Gobeltz, i s  described i n  d e t a i l  

Motion-picture photographs a re  taken of t h e  model i n  f l i g h t ;  frame-by- 
frame work-up penni ts  res tor ing  t h e  t ra jec tory  of i ts  center  of grav i ty  and t h e  
defined a t t i t u d e s  of t h e  model as a function of t i m e ,  by t h e  following means: 

horizontal  p ro jec t ion  of t h e  t ra jec tory ,  t h e  radius of spin, t he  rate 
of descent, and the  period of spin; 
longi tudinal  and t ransverse tr im and relative course. 

4.2 Anal.ytical Tools 

4.2.1 Wind Tunnels 

The s ta t ionary  measurements were made i n  the  IMFL horizontal  wind tunnel 
of 2.4 m diameter. 

The nonstationary measurements i n  forced osc i l l a t ions  and ro ta t ions  were 
made i n  a small horizontal  wind tunnel of 1 m diameter a t  t h e  ONERA i n  Chalais- 
Meudon. 

4.2.2 Mounting i n  t h e  Test Section 

The methods of s ta t ionary  and nonstationary measurements under forced 
o s c i l l a t i o n s  are of t h e  conventional type and w i l l  not be discussed here (Ref.3); 
only t h e  measurements under forced ro ta t ion  w i l l  be given. These measurements 
had t h e  object  of defining t h e  autorotat ion regimes, complemented by measuring 
t h e  components of t h e  resu l tan t  moment as a funct ion of t he  rate of rotat ion,  
i n  an i n t e r v a l  comprising t h e  value of t h e  autorotat ion regime. 

Two d i f f e ren t  model suspensions were used (fig.5); i n  both cases, t he  model 
was mounted t o  t h e  extremity of a ro ta t ing  sting with i t s  a x i s  p a r a l l e l  t o  t h e  
d i r e c t i o n  of flow and passing through t h e  homologous point  of t h e  center of 
g rav i ty  of t h e  a i r c r a f t .  

One of these  mountings gives the  measurement of t h e  moment No about t he  
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axis  of rotat ion.  
p a r t s  t h e  motion; this motor i s  mounted on a rocking cradle  and i ts  s t a t o r  i s  
restrained by a strain-gage dynamometer. 

Basically, this setup comprises an e l e c t r i c  motor which im- 

The other  setup provides the  measurement of t he  moment Lo ( o r  &) about an  
axis  ro t a t ing  with the  model and perpendicular t o  the  axis  of ro ta t ion .  T h i s  
measurement i s  made by means of a strain-gage dynamometer mounted upstream of 
t h e  s t i n g  t o  t h e  r igh t  of t h e  a i r c r a f t  center  of gravity.  
t ransmit ted t o  t h e  measuring instrument over a set of smooth rings and brushes. 

Its readings are 

For both arrangements, t h e  measuring instruments are those used i n  sta- 
t ionary  measurements. 

The axis GXO i s  taken i n  the  plane of symmetry of t h e  a i r c r a f t  when the  
angle of skidding, imposed on the  model, i s  zero. 

and t h e  t r ihedron G, t o  t h e  plane GxOzO 

To produce skidding, a ro t a t ion  cpl is  imparted t o  t h e  model about t h e  
longi tudinal  axis  G x l ;  t h e  r e su l t i ng  angle of skidding j i s  given by 

The ax is  Gyo i s  perpendicular 
i s  of t he  right-angle type. 

0 020 

,& 

A s i n  j = - s in  'pl cos 8, with 0 being the  angle xo C x l .  

4.2.3 Corrections Made 

The measurements of No require no correction. 

The rough measurements of Lo carry an e r r o r  produced by t he  dynamic and 
s t a t i c  unbalance and proport ional  t o  6. 

T h i s  e r r o r  can be eliminated from the  measurements by making t h e  model t u r n  
i n  both d i rec t ions  and using as result the  half-difference of t h e  values measured 
i n  each direct ion,  f o r  one and t h e  same absolute value of roo 

T h i s  manner of proceedi a l s o  eliminates t h e  e r r o r  due t o  an asymmetry of 
form o r  of level ing (Am,, # 3 of  t he  model. However, t h e  method i s  s t r i c t l y  
va l id  only f o r  symmetric configurations. 

Nevertheless, the  method is  acceptable f o r  asymmetric configurations of t h e  
elevons. 

The order of magnitude of t he  correction i s  20% of the  value Lo, read a t  
t h e  i n s t a n t  at  which the  value of ro reaches i t s  maximm. 
manner of proceeding would have been t o  determine this correct ion by measure- 
ments i n  a ra ref ied  atmosphere. 

A more rigorous 

The r a t i o  of t h e  projected surface of t h e  model (wing p lus  fuselage),  per- 
pendicular  t o  t h e  wing planform, t o  the  cross sec t ion  of t h e  tes t  sec t ion  of t h e  
small Wind tunnel i s  about 6%. 

A correc t ion  f o r  t h e  plug e f f ec t  was determined f o r  t he  coef f ic ien t  C E l ,  

4- 



i n  a comparison test with the  same model i n  a wind tunnel of 3 m 
magnitude of t h i s  correction i s  12% by excess. 

diameter; the 

No correction was made t o  the other coeff ic ients  f o r  lack of suf f ic ien t  
data f o r  t h e i r  evaluation, since no comparison t e s t s  had been made. 

4.2.4 Accuracy of Measurements 

The k ine t ic  pressure, the  veloci t ies  of flow, and of ro t a t ion  are known t o  
within about &. 

The scat ter ing of the t e s t  data  fo r  Lo and No i n  the  presence of wind i s  
T h i s  dispersion 10 - 15 times the sens i t i v i ty  threshold of the  dynamometers. 

i s  produced by reading d i f f i c u l t i e s  due t o  the turbulence of t he  flow separated 
on the  model. 

A highly approximate e r ro r  calculation leads t o  the following conclusions: 
r e l a t ive  e r r o r  f o r  t he  reduced velocity of autorotation, about 10%; 
r e l a t ive  e r rors  f o r  the incl inat ions C1, , about 10 - 15%. 

/6 
and C, 

0 r 0  

5. Results of Analfiical Tests 

5.1 Investigated Configurations 

The measurements of No were carried out as a function of the  angular ve- 
loc i ty ,  f o r  various values of angle of attack, symmetric s e t t i ng  and asymmetric 
s e t t i ng  of t he  elevons, and of the angle of skidding. 

The measurements of Lo were made a t  only one incidence. 

The t o t a l  configurations investigated a re  shown i n  Fig.6. 

5.201 Measurements of No 

These measurements demonstrated the presence of autorotation regimes. 

The values of t h i s  regime were obtained with various factors :  

Angle of a t tack (F'igs.7 and 12). In the  i n t e r v a l  of 65' I i 5 90°, a t  
j = 0 and s w e t r i c  s e t t i ng  of the  elevons, there  ex i s t s  a s tab le  autorotat ion 
regime whose angular veloci ty  increases with the  angle of attack. 

The inc l ina t ion  C, about this regime doubles between 65 and 70' and then 
r 0  

remains almost constant up t o  90'. 

A t  an  incidence of 60' (Fig.9), the autorotat ion regime becomes unstable 
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or  vanishes a s  soon a s  the  elevon se t t ing  i s  pos i t ive  o r  zero: I .  

With a se t t i ng  i n  t h e  opposite direct ion 

two autorotat ion regimes exist, one s tab le  and t h e  other  unstable. 

The measurements i n  the neighborhood of the unstable regime were very dif-  
I n  f ac t ,  since the  dr ive gear was  not irreversible and the  speed of f i c u l t .  

t he  motor was not under control  of a prescribed regime, the  s l i gh te s t  disturbance 
was  su f f i c i en t  f o r  misaligning the  r a t e  of rotat ion.  
scheduled, using a new i n s t a l l a t i o n  which is present ly  being designed. 

A more complete study i s  

Elevon s e t t i m  (Fig.8). The angle of incidence was  f ixed a t  
skidding angle at  zero. 

A wash-out (at  - CY, < 0, w i t h  ro > 0) Will increase the r a t e  
t i on .  

The observed increase i s  independent of t he  mean pos i t ion  of 

80' and the 

of autorota- 

t he  elevons 

2 

Under the  same condition, a wash-in (at - CY, > 0, with ro > 0) w i l l  lead 
t o  a reduction i n  the r a t e  of autorotation. 

T h i s  decrease becomes more noticeable wtth decreasing value of t he  mean 
posi t ion,  which corresponds t o  a s ta l led  elevator.  

Angle of skidding (Figs.10. 12). The rate of autorotation var ies  i n  a 
p r a c t i c a l l y  l i nea r  manner, i n  the  same d i rec t ion  as the  skidding angle. 

5.2.2 Coefficient c ~ ,  ( ~ i g . U . )  

The measurements were made at only one incidence of 85' f o r  both posi t ions 
of t h e  elevons. The var ia t ion  i n  
i n c l i n a t i o n  of 

has been retained f o r  calculating 

with rz i s  l inear ,  and a value of t he  
c t O  

C = 0.03 
l 'o 

t he  f l i g h t  mechanics. 

5.2.3 Measurement of M, 

Longitudinal measurements about Gyo perpendicular t o  G, were made at t h e  
0 0  
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same incidence of 85'. 
down moment increased s l i g h t l y  (by about 5% with t h e  veloci ty  of ro ta t ion) .  

These measurements showed t h a t  the value of the  nose- 

Otherwise, the effectiveness of the elevator cancels p rac t i ca l ly  between 
70' and 90'. 

6 . Calculations 

6.1 Method 

A very general program of f l i g h t  mechanics, applicable t o  e i t h e r  a i r c r a f t  
o r  rockets, was  used. 

T h i s  program was l a i d  out f o r  solving six equations of motion on a d i g i t a l  
computer, using the  Runge-Kutta method. 

/8 6.1.1 Aerodvnarm * c Data 

These data are represented i n  the  form of the  conventional dimensionless 
coef f ic ien ts  of force and moment, expressed by l inear  functions of t he  variables 
i, j, p:, $, r?, of t h e  Mach number, and of t he  th ree  e f fec t ive  ranges of t h e  
cont ro l  surf ace . 

I n  t h e  expressions given i n  Fig.13, the  coef f ic ien ts  of the variables o r  
t h e  aerodynamic der ivat ives  can be expressed, i n  turn,  by functions of t he  first 
and second degree i n  i and j. 

I n  the  spec i f ic  problem treated here, this arrangement was used only f o r  
e q r e s s i n g  the  yawing moment due t o  the control  surfaces and the  damping of t he  
yaw. 

Mote: - 
1) A grea ter  f l e x i b i l i t y  i n  introduction of t he  data  has recently been ob- 

tained: The data a re  presented i n  the form of numerical t ab les  as  a function 
of d i f f e ren t  variables,  so  t h a t  it i s  no longer necessary t o  apply ana ly t i ca l  
expressions . 

2) It should be recal led t h a t  t he  ONERA present ly  i s  developing a method 
f o r  measuring t h e  iner t ia  constants at t h e  ground (Ref -7). 

6 e1.2 Calculation Results 

The computational data, as  a function of time, yield the following: 
t h e  t ra jec tory  coordinates of the center of gravity along axes fixed 
with respect t o  the ear th;  
the  angles of attack, angle of skidding, and the  Mach number; 
t h e  d i rec t ion  cosines of the a i r c ra f t  axes on the fixed trihedron; 
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t he  modulus of veloci ty  of t h e  center of gravi ty;  
the  angular veloci ty  camponents 
t he  corresponding accelerations 
the  components of the  resul tant  force 
t h e  veloci ty  components along the f ixed axes. 

along t h e  a i r c r a f t  axes; 1 
An auxi l ia ry  program makes it possible t o  convert t he  above r e s u l t s  i n t o  

the  form of those given by the  IMFL, namely, longi tudinal  and transverse t r i m ,  
radius of spin, r e l a t ive  course, and period of spin,  t o  which must be added t h e  
horizontal  coordinates of the t ra jec tory  and t h e  rate of descent which had al- 
ready been calculated d i r ec t ly .  

6.2 ADD E c a t  i on  Le 
Two cases were selected from t h e  free-spin tests made a t  the  IMFL, with 

t h e  first corresponding t o  entry i n t o  a s t ab i l i zed  sp in  and t h e  second t o  re- 
covery from t h e  spin. 

The values of t h e  aerodynamic data corresponding t o  these two cases a re  
shown i n  Fig.&. 

6.2.1 Entering a Stabi l ized % i n  (Figs.15 - 17) 
In  t h e  investigated configuration, t he  elevons are set t o  

at = 0 CY, = +20°. 

The calculat ions w e r e  carr ied out with two values of t h e  i n i t i a l  veloci ty  
of ro ta t ion .  

I n  both cases, i n  complete agreement with t h e  f r e e  f l i g h t ,  t he  following 
variables were obtained: 

mean values of t h e  transverse and horizontal  trim; 
period of sp in  of t h e  s tab i l ized  regime; 
rate of descent; 
r e l a t i v e  course, whose values a re  c loser  t o  the  free f l i g h t  f o r  t he  
highest value of roo. 

Relat ively minor discrepancies were observed f o r  t he  following: 
amplitudes of a short-period osc i l la t ion ,  which were greater  f o r  t h e  
longi tudinal  t r i m  and weaker for  t h e  t ransverse t r i m ;  
sp in  r a d i i  t h a t  differed considerably, although t h e  magnitude of t he  
s p i n  radius remains r e l a t ive ly  low, i.e., 10% of t h e  reference chord. 

I n  addition, the  angular velocity components along t h e  f ixed axes pl,  q1, 
rl were calculated from the  r e s u l t s  of free f l i g h t .  

8 



6.2.2 Spin Recoverv (Fias.18 - 21) 

The s e t t i n g  of t h e  elevons 

i s  opposite t o  t h a t  of t he  above configuration. 

The calculat ions made f o r  t h ree  values of t h e  der iva t ive  C 
"J 1 

/10 

0.08 0.125 and 0.25 

show t h e  s ignif icance of this derivative.  

The first value i s  t h a t  obtained from analyticalmeasurements; the  second 
value furnishes  a b e t t e r  agreement with t h e  free-f l ight  results; the  t h i r d  value 
gives too rapid a recovery from spin. 

The discrepancy between calculat ion and f r e e  f l i g h t  i s  most l i k e l y  due t o  
t h e  f a c t  t h a t  t h e  experimental value of C results from a t e s t  a t  only one 

"J 1 

incidence (80') whereas this coeff ic ient  obviously varies with t h e  incidence 
which passes  from 80' t o  50' during the  invest igated phase. 

7. Continuation of the  Study 

7.1 Gomarison of Gomutational Data and Flight Tests 

The above comparison showed tha t ,  desp i te  the various gaps with respect t o  
aerodynamic data, t h e  computational r e su l t s  i n t e r sec t  t he  measurements on models 
i n  f r e e  f l i g h t  with su f f i c i en t  approximation, f o r  both cases under consideration. 

T h i s  made it possible  t o  start a study as t o  t h e  conditions of entering i n t o  
and recovering from a spin, i n  continuation of the previous study and const i tut-  
i ng  t h e  basic  object  of this pa r t i cu la r  research; an attempt of in te rsec t ing  a 
f l i g h t  tes t  with calculat ion i s  i n  progress a t  present.  

7 -2 Measurements with Forced Rotation 

P r a c t i c a l  experiments with provis ional  assemblies have permitted t h e  design 
and construct ion of an i n s t a l l a t i o n  adapted t o  a wind tunnel  of 2.5 - 3 m 
diameter . 

This f a c i l i t y  was designed t o  give the  six aerodynamic force components 
over a wide range of incidence and skidding. 

Laker, it would be useful  t o  design an assembly of t h e  same type, but  f o r  
a l a r g e r  wind tunnel  a t  higher ve loc i t ies  ( f o r  example, the  S1 Modane tunnel  

9 



C which has a test sec t ion  of 8 m diameter and a la rge  veloci ty  range), so  as t o  
permit tests f o r  defining t h e  influence of t h e  Reynolds number on these coeffi- 
c ient  s . 

The S1 Ch wind tunnel  a l so  has in t e re s t ing  cha rac t e r i s t i c s  i n  this respect. 

7.3 Determination of t he  Aerodynamic Coefficients of 
Analytical  Calculation from Overall Tests 

Various methods are being developed at  present t o  derive p r a c t i c a l  aero- 
Consequently, it dynamic data  i n  f l i g h t  with fu l l - sca le  a i r c r a f t  (Ref.5, 6). 

seems of i n t e r e s t  t o  apply these methods t o  lumped tests, e i t h e r  i n  a v e r t i c a l  
tunnel  o r  on catapulted models o r  else on models launched from hel icopters  
(Ref .8). 

The miniatur izat ion of telemetry instrumentation penni ts  t h e  fu tu re  use of 
accelerometric measurements, t o  replace t h e  d i r e c t  r e s to ra t ion  of motions, which 
would prevent a double der ivat ion and thus ensure more accurate calculations.  

Nevertheless, despi te  these bprovements, it i s  doubtful whether such a 
method w i l l  permit a su f f i c i en t ly  detai led determination of t he  aerodynamic co- 
e f f i c i e n t s .  

I n  f a c t ,  p r a c t i c a l  experience has shown tha t ,  i n  some cases, one and t h e  
same set  of responses i n  f l i g h t  of t h e  aircraft o r  of t h e  model might be ob- 
ta ined with sets of d i f f e ren t  values of t he  aerodynamic coeff ic ients .  

Thus, such a quant i ta t ive method carries the  r i s k  of giving poorly defined 
values. 

The advantage of t he  ana ly t i ca l  method consis ts  exactly i n  the  p o s s i b i l i t y  
of imposing t h e  var ia t ion  of a s ingle  parameter while keeping t h e  others  con- 
s t a n t ,  t hus  resu l t ing  i n  values of t he  corresponding coef f ic ien ts  without 
ambigUi t y  . 

Conversely, t he  measurement of cer ta in  coef f ic ien ts  i s  s t i l l  impossible by 
a n a l y t i c a l  means. 

8. Conclusions 

The results obtained i n  a first phase of studying a computationalmethod 
agree s a t i s f a c t o r i l y  with measurements made on free-spin models i n  the  v e r t i c a l  
w5nd tunnel  at  t h e  IMFL. 

The method will be applied t o  coqa r i sons  of calculat ions with data  obtained 
i n  f l i g h t  of ful l -scale  a i r c r a f t  

A t y p i c a l  example of such a comparison, using a method similar t o  t h a t  
es tab l i shed  by the  ONERA, has recently been published by H.J.Wykes f o r  the case 
of F-100 a i r c r a f t  of North American Aviation, using nonstationary coef f ic ien ts  
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which were theo re t i ca l ly  evaluated i n  a r a the r  rough manner. 

F a c i l i t i e s  f o r  ana ly t i ca l  analysis  a t  forced ro t a t ion  have been invest i -  /12 gated and are i n  t h e  p r a c t i c a l  development stage,  which will permit fu r the r  im 
provement of t h e  evaluations 

Despite t h e  f a c t  t h a t  t h e  above invest igat ions concern t h e  case of a f l a t  
sp in  of a d e l t a  a i r c r a f t  as typ ica l  example, it i s  ce r t a in  t h a t  t h e  method i s  
applicable t o  any other  type of sp in  o r  a i r c r a f t .  

Consequently, it can be hoped t h a t  a i r c r a f t  designers Will consider this 
method as a p a r t  of standard means f o r  studying a given pro jec t .  
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